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Abstract 
 Crystal phase is well-studied and presents a periodical atom arrangement in three-dimensions 
lattice, but the “amorphous phase” is poorly understood. Here, by starting from cage-like 
bicyclocalix[2]arene[2]triazines building block, a brand-new 2D MOF is constructed with 
extremely weak interlaminar interaction existing between two adjacent 2D-crystal layer. Inter-
layer slip happens under external disturbance and leads to the loss of periodicity at one 
dimension in the crystal lattice, resulting in an interim phase between the crystal and amorphous 
phase - the chaos phase, non-periodical in microscopic scale but orderly in mesoscopic scale. 
This chaos phase 2D-MOF is a disordered self-assembly of black-phosphorus like 3D-layer, 
which has excellent mechanical-strength and a thickness of 1.15 nm. The bulky 2D-MOF 
material is readily to be exfoliated into monolayer nanosheets in gram-scale with unprecedented 
evenness and homogeneity, as well as previously unattained lateral size (>10 μm), which 
present the first mass-producible monolayer 2D material and can form wafer-scale film on 
substrate. 
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Solid materials are generally separated into crystal phase and amorphous phase 
depending on the periodicity of atom arrangement in the three dimension lattice.1 
Philosophically speaking, there must be interim states between these two extremes, but this 
grey area is always ignored. The discovery of quasicrystal by Dan Shechtman disclose the 
ordered but not periodic structure in metal alloys and open a window to this grey area.2,3 
Recently, two-dimension (2D) materials have been making a big splash and experiencing a 
boom,4-8 which have atomic periodicity in two dimension and present a new crystal phase - 
2D crystal.9,10 By deliberately destruction of the periodicity at one dimension in the bulky 
2D materials, a possibly interim solid state can be obtained in the solid material because of 
the partial loss of the atomic periodicity in crystal lattice (Fig.1). 
 
Fig.1. The schematic illustration of the degeneration from crystal pahse to amouphous phase, as well as 
the relationship between the atomic periodicity and the material phase. 
 
Generally speaking, only weak Van da Waals interaction exist between adjacent 2D 
material layers.11-13 However, millions of Van da Waals interaction pairs can greatly enhance 
the interaction force and periodicity of two adjacent layers,14 which presents the biggest 
resistance for the production of monolayer 2D materials, and current bulky 2D materials 
always exist as crystal phase material. Elimination of the interlaminar interaction is the key 
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point to achieve the proposed interim state, which also can make the mass-production and 
commercial applications of monolayer 2D materials possible.15-19 
Unlike the graphene or transition metal dichalcogenides, MOF and COF can provide great 
design freedom for 2D materials.20-25 We intend to design a 2D MOF with extremely low 
interlaminar interaction to test this hypothesis. As a rising member in 2D materials, MOF 
nanosheets possess large surface and highly accessible active sites on the surface, exhibiting 
unique performances in many different fields, such as molecular sieving, sensing, and 
catalysis.26-31 Although we share a MOFs library with more than 20, 000 kinds, and the figure 
keeps growing quickly, the reported 2D MOF candidates suitable for the preparation of MOF 
nanosheets are very limited. The rational synthesis of 2D MOF with tailored structures and 
properties is not easy at all.31-37  
An in-depth investigation indicates that the reported MOF nanosheets can be divided into 
two categories: One category has hydrocarbon group sandwiched layers, only weak Van der 
Waal’s interactions exist between the adjacent layers; 31,37-40 The other category has steric 
porous layers, the smaller interlayer contact area can further decrease the interlaminar 
interaction.41-44 Impressively, all these 2D MOFs have thick 3D-layered structure, however, 
the interlaminar interaction looks still strong as they still present as stable crystal phase 
material and the corresponding nanosheets can’t be produced in large amount.  
To exfoliate the bulky crystallized material into nanosheet, it’s essentially a mechanics 
problem. When a bulky 2D MOF crystal is immersed in the solvent, the layers are subjected 
to propulsive force resulting from the molecule collision. The collision momentum 
component parallel to the MOF layer plus the viscous force equals the shear force (Fs) 
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separating the layers. The component vertical to the MOF layers tends to tear the layers into 
smaller pieces. Fs is evaluated by the following equation, which can be greatly enhanced 
along the direction of the driving force.45 (detailed information in SI): 
𝐹𝑠 = 2𝑔 ∙ 𝑙 ∙ 𝑑 ∙ ℎ ∙ (1 + ∆ ∙ 𝑤) ∫
𝑑𝑁𝜃
𝑁
90
−90
cos2 𝜃 𝑣𝑠
2 + 𝜂 ∙ 𝑤 ∙ 𝑙
𝑑𝑣𝑠
𝑑𝑤
𝑐𝑜𝑠𝜃𝑣 
Inter-layer interaction (Fi) is the interaction between adjacent layers, which correlates with the 
strength and density in unit area of the inter-layer pairwise interactions. Fi competes with Fs to avoid 
exfoliation and equals to: 
𝐹𝑖 = 𝑙 ∙ 𝑤 ∙ [𝑛1
−6𝐶1
𝑟1
7 𝑐𝑜𝑠𝜃1 + 𝑛2
−6𝐶2
𝑟2
7 𝑐𝑜𝑠𝜃2 + ⋯ ] 
Obviously, the inter-layer slip and layers separation happens only when Fs > Fi. Therefore, 
three key factors need to be considered in the preparation of monolayer nanosheet. First, the 
bulky crystal should have a layered structure and weak interlaminar interaction to reach the 
key Fs > Fi criterion; Second, Fs is nearly proportional to the layer thickness (h). Bigger h is 
advantage, and porous structure also brings bigger effective force area and the resulting Fs; 
Last but not least, the layer should be mechanically strong to avoid damage caused by the 
propulsive force vertical to the layer plane. Clearly, in porous structure, this propulsive force 
and the damage can be effectively reduced. The lateral size and layer number of the 
exfoliated nanosheets are the results of the combination of these three factors. 
As most of the current MOFs are constructed by 2D planar building blocks, it’s very 
difficult, if not impossible, to design and synthesize the expected 2D MOF with extremely 
low interlaminar interaction and 3D-layered structure from 2D building blocks. We noticed 
that rigid 3D symmetric molecules tended to self-assemble into 3D-layered structures.46-50 
Bicyclocalix[2]arene[2]triazines, a cage-like D3h symmetric molecule we synthesized before, 
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also self-assembled into a layered porous structure.51 This molecule is lack of 
intermolecular-interaction sites and can adapt to different linkage groups, which most likely 
to afford the 2D-MOF with demanded structure. In addition, heterocalixaromatics not only 
have powerful recognition properties and functions, but are also rich in structures and 
conformations.52,53 The cage-like host molecules are even more intriguing for their enclosed 
cavities and rigid structure, which can trap and stabilize specific guest molecules, work as 
molecular flask and endow intrinsic porosity.54-57  
By using bicyclocalix[2]arene[2]triazines tricarboxylic acid (BCTA) as the building block 
and Mn cluster as the node, a porous 2D-MOF, CSUMOF-1, was prepared with extremely 
weak interlaminar interaction, high mechanical strength and 1.15 nm thick 3D-layer, which 
perfectly match our design requirements. As expected, inter-layer slip in the crystal lattice 
and loss of atomic periodicity in one dimension was observed. But macroscopically, 
CSUMOF-1 “crystal” still has a stability right to the point and presents an interim phase 
between the crystal and amorphous phase. CSUMOF-1 is readily to be exfoliated into 
monolayer nanosheets in gram-scale by simple ultrasonic exfoliation, which have a lateral 
size up to tens of micrometres, as well as unprecedent evenness and homogeneity.  
BCTA tends to self-assemble into layered hydrogen-bonded organic frameworks (Fig. S2), which is 
easily weathered in the air (5 m2/g BET surface area). The MOF crystals were easily synthesized 
from BCTA and MnCl2 via solvothermal method. CSUMOF-1 was prepared in dimethylformamide 
(DMF) with a yield of 70%. In tetrahydrofuran, CSUMOF-2 was crystalized with a yield of 77% 
(Fig. S3-5).  
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In the begining, we obtained a very stable three-dimensional framework, CSUMOF-2, which had 
an expected layered structure containing one-dimensional rectangle channel with a size of 1.2 nm * 
1.5 nm (Fig. 2A, S6, 7). The space in the channel was partly filled by the coordinated THF molecules. 
Single CSUMOF-2 layer is constituted by parallel Zigzag-arranged BCTA chains with a thickness 
of 0.6 nm, and bound by the [–Mn-Cl-Mn-O-]n inorganic chains to form solid 3D frameworks. 
CSUMOF-2 was stable up to 460 oC (Fig S8), with a BET surface area of 370 m2/g (N2, 77K) and 
CO2 absorption of 21 cm3/g (273K, Fig. 3). The experimental pore size distribution coincide with 
the expected values (Fig S9). Powder XRD pattern of CSUMOF-2 fits the simulated one very well 
(Figure S10), two main peaks at 8o and 11o are attributed to the diffaction of 002 and 020 crystal 
planes, both located on the rotatable benzene rings (Fig S11). After heating at 100 °C, peak shift and 
drastic intensity decrease were observed in the diffraction pattern, and subsequent exposure to THF 
only recovered the positions of the peaks; Soaking in solvents other than THF only caused the 
decrease of diffraction intensity. Similar results also have been observed in Cu(OPTz).58 In 
CSUMOF-2, the channels can provide free space for the dynamic motion of the organic linkers 
(around one angstrom).59-61 In the other hand, the coordination environment change of manganese 
may cause the atom position offset in the crystal lattice. Both these two factors lead to the disorder 
of the diffaction planes and degradation of the diffraction pattern. Generally speaking, CSUMOF-2 
owes a strong frameworks with a certain flexibility .  
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Fig. 2. Structure of CSUMOFs. (A) The presentation of one layer in CSUMOF-2. (B) Architecture of 
the layered structure of CSUMOF-1, with hydrogen-bond sites and channels between the layers. (C) The 
3,6-connected net nodes topological structure for single CSUMOF-1 layer. (D) The presentation of one 
layer in CSUMOF-1 and the three kinds of pores with different sizes. (E) Molecular structure of BCTA. 
(F) The interlayer O–H···O hydrogen bonds between two adjacent different [Mn3(O2C)6] clusters. (F) 
The ellipsoid channels formed by the packed CSUMOF-1 layers.  
 
When DMF was used as the solvent, the Mn cluster bridge could be disconnected into 
[Mn3(O2C)6] clusters. CSUMOF-1 has a separated layered structure, with a layer thickness as 1.15 
nm, which nearly is the doubled height of BCTA (Fig. 2B). In the layer, there are two kinds of 
[Mn3(O2C)6] clusters ([Mn3(O2C)6]‧4H2O and [Mn3(O2C)6]‧2H2O‧2DMF, arranged into two 
alternatively rows in the layer plane, Fig. S12), which are connected by trigeminal BCTA ligands to 
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form a 2D network with 3,6-connected net nodes (Schläfli symbol {4^3}2{4^6;6^6;8^3}, Fig. 2C). 
Topologically, this network is very rigid with high mechanical strength, extending in the ac plane 
with three types of regular pores (the pore sizes are 0.8nm, 1.3nm and 1.5nm respectively, Fig. 2D). 
Along [0, -1, 1] axis, one single layer looks like square-wave, similar to black-phosphorus layer in 
some extent. The net-like layers stacked in ABAB fashion along the crystallographic b axis via weak 
inter-layer O–H···O hydrogen bonds [dO-H…O = 2.618 and 2.404 Å] between these two different 
[Mn3(O2C)6] clusters (the sole interaction between the layers, Fig. 2F, S12, S13), resulting in a 3D 
neutral supramolecular framework with three ellipsoid channels (Fig. 2G). There are two types of 
regular rectangle channels existing between the square-wave layers for a half-phase difference (the 
sizes are 1.3*0.5 nm and 1.3*0.2 nm respectively, Fig. S14). All these channels vertical and parallel 
to the layer surface have significantly decreased the real contact area and the hydrogen-bond number 
in unit area between two conjunction layers. In brief, extremely low interlaminar interaction can be 
expected, which perfectly meet our design requirements.  
CSUMOF-1 looks very “unstable”. A powder XRD pattern with poor quality could be recorded 
only with freshly-prepared samples, but fitted the simulated one (Fig. 3A). After heating, drying or 
solvent exchange, CSUMOF-1 became “amorphous” (Fig. 3B), without any change of the crystal 
appearance (Fig. S15). These results were very confusing but not unexpected, which can be 
attributed to the intrinsic macroscopic properties of the proposed interim phase.  
CSUMOF-1 has a BET surface area of 210 m2/g and CO2 absorption of 41 cm3/g after 
activation at 150 oC under vacuum, and good thermal stability up to 440 oC (Fig. S8). Similar to 
CSUMOF-2, CSUMOF-1 has a typical type I isotherms in N2 adsorption-desorption. The adsorption 
was apparent in the low-pressure region (P/P0 < 0.05), and the desorption of N2 was reversible and 
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revealed hysteresis. The difference is that CSUMOF-1 has nearly doubled CO2 absorption with 
halved BET surface area. Heterocalixaromatics can bind CO2 by its nitrogen-rich cavities.48 
Obviously, the remarkable CO2 absorption of CSUMOF-1 can be attributed to its fully exposed 
calixarene cavities in the lattice. Experimental results disclosed that the blocked channels and 
calixarene cavities in CSUMOF-1 could be reopened at high pressure. At 273 K, when the pressure 
reached 60 atm (maximum 200 atm), N2 absorption of CSUMOF-1 increased from 2.8 cm3/g to 7.0 
cm3/g (the interaction between N2 molecules and the frameworks is very weak). Meanwhile, the 
CO2 absorption (performed on the same sample) increased from 18 cm3/g to 56 cm3/g at 38 atm 
(Fig. 3E). Both desorption revealed hysteresis, but were reversible at reduced pressure, strongly 
supporting the occurrence of inter-layer slip and high structural-stability of the layer. 62,63 
 
 
Fig. 3. Powder XRD and BET tests. (A) XRD powder pattern of fresh prepared CSUMOF-1 crystal and 
the simulated one. (B) XRD powder pattern of CSUMOF-1 crystal after drying or soaked in other solvent. 
(C) N2 adsorption-desorption isotherms of CSUMOF-1(red), CSUMOF-2 (blue), and CSUMOF-1 
nanosheets (purple) at 77 K and pressures up to 1 bar. (D) CO2 adsorption isotherms of CSUMOF-1(red), 
CSUMOF-2 (blue), and CSUMOF-1 nanosheets (purple) at 273 K and pressures up to 1 bar. (E) CO2 
(273K) and N2 (298K) adsorption-desorption isotherms of CSUMOF-1 at high pressure. (F) Narrow 
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pore-size distribution of CSUMOF-1 and CSUMOF-1 nanosheet. Inset, photographs comparing the 
CSUMOF-1 crystals and CSUMOF-1 nanosheets. 
 
As observed by SEM images, CSUMOF-1 crystal has very clear and smooth layered structure 
(Fig. 4), which is readily to be exfoliated into nanosheets by routine ultrasonication treatment in 
different solvents (Fig. 4A). The colloid suspension remained stable at room temperature for several 
months, and significant Tyndall effect was observed (Fig. 4B inset, S16). Lots of ultrathin 
nanosheets with big lateral size and high evenness were observed in the suspension by TEM (Fig. 
4, S17, S18). Only nano-particles were found in the sonicated suspension of CSUMOF-2 (Fig. S19, 
S20). 
 
Fig. 4. Exfoliation of CSUMOF-1 and the electron microscopy images (A) Schematic illustration of the 
exfoliation of CSUMOF-1. (B) Scanning electron microscopy (SEM) image of CSUMOF-1 crystal as-
synthesized. Inset, Tyndall effect of the nanosheets colloid suspension. (C) The clear and smooth layered 
architecture of CSUMOF-1. (D) Transmission electron microscopy (TEM) image of CSUMOF-1 
nanosheets. (E) High-magnification TEM image of CSUMOF-1 nanosheets.  
 
Tapping-mode atomic force microscopy (AFM) was applied to further identify these nanosheets. 
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Plenty of rigid and high flatness nanosheets were found in the high concentration nanosheets 
suspension (~ 0.1- 0.2 mg/ml, Figure 5, S21). The nanosheets have a lateral size range from several 
to more than ten micrometers. With a 1-5 μg/ml nanosheets suspension, the nanosheets formed a 
large-size wafer on the substrate with a thickness around 1-2 nm (Fig. 5A). Dispersed nanosheets 
was observed after further dilution. Fig. 5C shows an enlarged area of the nanosheet. The height 
profile reveals that the nanosheet is extremely flat, with a smooth terrace height as 1.12nm, which 
fits the layer thickness value in the single-crystal structure. As demonstrated by the AFM analyses 
on 43 different sites (Fig. 5E, S22), more than 90% of them had a thickness of 1.1±0.2nm, and 
confirmed the nanosheets as monolayer with high homogeneity.  
 
 
Fig. 5. AFM images of CSUMOF-1 nanosheets (a-c) with low concentration suspension on freshly 
cleaved mica surfaces. The height profile of the nanosheets along the white lines were marked below. (d-
e) with high concentration suspension on freshly cleaved mica surfaces. (f) Thickness and lateral size 
distribution of exfoliated CSUMOF-1 nanosheets (horizontal line indicates the theoretical thickness of a 
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single layered CSUMOF-1 nanosheets). 
 
The infrared spectrum of nanosheets prepared in large-batch is perfectly coincide with that of 
fresh-prepared CSUMOF-1(Fig. S23), but the absorbance bands in the fingerprint region become 
stronger and clearer. CSUMOF-1 nanosheets has nearly doubled BET surface area (360 m2/g) and 
CO2 absorption (58 cm3/g) (Fig. 3C, 3D, performed with 130 mg nanosheets). More importantly, 
compare to bulky CSUMOF-1, the nanosheets has very sharp and clear pore width distribution (Fig. 
3F), which is identical to the theoretical values (Fig. 2D). Apparently, the irregular pores in bulky 
CSUMOF-1 caused by the inter-layer slip has disappeared after complete separation, and no 
hysteresis could be found anymore in the N2 desorption isotherm of nanosheet (Fig. S24). It also 
can be concluded that the inter-layer slip in CSUMOF-1 is around several angstroms. These results 
unambiguously confirmed the chemical structure and macroscopic homogeneity of the as-prepared 
nanosheets,  
The rigid and smooth appearance indicates that the nanosheets should have high mechanical 
strength. The extremely weak interlaminar interaction and nanometer layer thickness observed in 
the crystal structure provide sufficient and necessary conditions to satisfy the key Fs > Fi criterion. 
Thus, CSUMOF-1 was exfoliated into monolayer nanosheets in gram-scale with big lateral size. All 
these experimental results have strongly supported our theoretical hypothesis on the interim phase 
and monolayer 2D materials production. The cheap, easy and scalable preparation of monolayer 
CSUMOF-1 nanosheets also make its commercial applications possible. 
According to classic XRD crystallography, CSUMOF-1 should be classified as “amorphous”. 
However, the experiment results unambiguously indicated that CSUMOF-1 is a stable self-assembly 
of 2D-crystals with disorder along the dimension vertical to the 2D-crystal plane. In the crystal 
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lattice, the atoms do chaos thermal motion in confined space, which leads to the loss of periodicity. 
If the initial distance between two adjacent atoms is set as ε(0), after time t, the distance can be 
described as ε(𝑡) = ε(0)𝑒𝜆𝑡(𝜆 = lim
𝑛→∞
1
𝑛
∑ 𝑙𝑛𝑛−1𝑛=0 |
𝑑𝜀(𝑡)
𝑑𝜀(0)
|, the Lyapunov exponent, Fig. 1, S25).64,65 
For an effective diffraction crystal plane with n atoms, the detection error will be amplified by 
𝑒(𝑛−1)𝜆 times. In idea closely-packed crystal phase, the thermal motion is confined in picometers 
scale. Meanwhile, the lattice wave makes the atoms correlated in long range, ε(𝑡) ≈ ε(0), λ→0, the 
error of the diffraction crystal planes can be omitted. In porous frameworks, such as CUSMOF-2, 
Cu(OPTz) etc., the free space in the crystal lattice encourages the dynamic motion of the linkers. 
ε(max) of the atoms in the linker will increase to angstrom scale as this dynamic motion is independent 
from the lattice wave. At present, the crystal periodicity generally is studied by X-Ray with a 
precision at sub-angstrom scale. The increased ε(max) leads to the significant increased λ value and 
error of the diffraction planes with rotatable linkers, as well as degenerated S/N ratio. Thus, 
broadening and weakening XRD peaks are observed as the result.   
In CUSMOF-1, the adjacent layers are only bound by weak hydrogen bonds. Experimental 
results indicate that the movement of the atoms along the layer plane can increase to several 
angstroms due to the inter-layer slip. Given a 5 Å ε(max), λCUSMOF-1 will increase around 5 times 
comparing to λCUSMOF-2 (λ value is decided by 𝜆𝑚𝑎𝑥 =
1
𝑡𝑚−𝑡0
∑ 𝑙𝑛𝑚𝑘=1
𝜀(𝑡𝑘)
𝜀(𝑡𝑘−1)
). The corresponding 
error will increase 50 times (more than 107 times for 1 nm3 confined space). Diffraction signal can’t 
be detected due to a simultaneously decreased S/N ratio, and dried CUSMOF-1 presents as 
“amorphous” material. It should be noted that even nanosheets with few layers could hardly be 
detected according to Bragg’s Law. However, if the measurement accuracy decreases to nanometer-
scale (same scale as one CUSMOF-1 layer), λ value will decrease ten times and the error caused by 
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the chaos can be omitted. Thus, the structural order is observed by corresponding characterization 
methods. We name this interim state as “Chaos phase”, which is non-periodical in microscopic scale 
but order in mesoscopic scale. 
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The derivation of the equations:  
 
Derivation of the formula for Fs: 
Fs is composed by two parts, the impact force caused by the collision of solvent molecules 
(Fm) and the viscous force along the layer face (Fv). As illustrated in Fig. S1, according to the 
theory of Momentum, Fm equal to the impulse acting on unit area of MOF layer in one second. 
The collision between solvent molecules and the MOF layers can be treated as elastic collision, it 
can be concluded that Fm =2‧m‧v. Due to the random movement of the solvent molecules, the 
weight of the solvent molecule acting on the MOF layer in one second equal to d‧V‧cosθ. d is the 
density of the solvent, V is the volume of solvent and equal to l‧h‧vs. Only the collision 
momentum component parallel to the MOF layers contribute to Fm. Fv is origin from the 
intermolecular interactions between the solvent molecules and the solid surface, which can be 
derived by Newton's law of viscous flow, 𝐹 = 𝜂𝑆
𝑑𝑣
𝑑𝑥
. In exfoliation, the fluid velocity decreased 
along the w direction.  
The equation for Fs can be derived as:  
𝐹𝑠 = 2𝑔 ∙ 𝑙 ∙ 𝑑 ∙ ℎ ∙ (1 + ∆ ∙ 𝑤)∫
𝑑𝑁𝜃
𝑁
90
−90
cos2 𝜃 𝑣𝑠
2 + 𝜂 ∙ 𝑤 ∙ 𝑙
𝑑𝑣𝑠
𝑑𝑤
𝑐𝑜𝑠𝜃𝑣 
g = the ratio of gravity to mass 
l = Lateral size of the MOF layer along the ultrasonic wave (m) 
h = Thickness of the MOF layer (m) 
d = Density of the solvent (kg/m3) 
N = The total number of the collided solvent molecules 
θ = The angle (o) between the solvent molecule motion direction and the MOF layer plane 
(as shown in Figure S1)  
Δ = Area increment coefficient. For materials with uneven surface or big pores, the solvent 
molecules collide on the vertical part of the surface or the pore wall, which also contribute to the 
propulsive force, n presents the area increment coefficient along the layer surface in unit width.  
vs = The increment of solvent molecule velocity relative to the solid material powered by 
ultrasonic treatment (m/s), vs is proportional to the square root of power input (Pi), which is 
inversely proportional to r3 (r = the distance to the driving force source). In unit volume V, 
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𝑃𝑖 × 𝑡 =
1
2
𝑔 × 𝑉 × 𝑑 × 𝑣𝑠
2. Along the direction of w, vs decreased proportional to r
3/2, here vs 
can be treated as constant because w is in micrometer scale. 
ƞ = The viscous coefficient (N‧s/m2). In most cases, solvent used in exfoliation has  low ƞ 
value. Fv only takes up a small proportion in Fs for porous material. 
θv = The angle (o) between the direction of Vs and the MOF layer plane (as shown in Figure 
S1)  
 
Derivation of the formula for Fi: 
The Fi can be calcualted based on the single crystal data, in one crystal cell, the type and 
quantity of the pairwise interactions between two adjacent layers can be listed, the equation for 
Fi can be derived as:  
𝐹𝑖 = 𝑙 ∙ 𝑤 ∙ [𝑛1
−6𝐶1
𝑟1
7 𝑐𝑜𝑠𝜃1 + 𝑛2
−6𝐶2
𝑟2
7 𝑐𝑜𝑠𝜃2 +⋯] 
l = the length of the MOF layer (nm) 
w = the width of the MOF layer (nm) 
n1 = the number of interacted atom pairs per square nanometer in type 1 (nm
-2) 
C1 = London constant 
r1 = the distance between the interacted pairwise atoms in Type 1 (m)  
θ1, θ2 = the angle between the interaction direction and the MOF layer plane 
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Fig. S1. The schematic illustration of the force in the exfoliation process, (A) Fm, (B) Fv. The 
golden balls represent the solvent molecules, the blue blocks represent MOF layer and locate in 
the lw plane. 
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Fig. S2. Crystal structure of BCTA (A) Structure of single BCTA molecule. (B) The π -π 
stacking interaction between the BCTA chain in the layer. (C) The 2D layer structure connected 
via hydrogen bonds. (D) The 3D supramolecular framework constructed via hydrogen bonds and 
π -π  stacking interaction. 
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Fig. S3. Photos of CSUMOF-1 crystals (A) and CSUMOF-2 crystals (B). 
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Fig. S4. Infrared spectra of BCTA (black), CSUMOF-1 (red), CSUMOF-2 (blue) 
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Fig. S5. UV-Vis spectra of BCTA (black), CSUMOF-1 (red), CSUMOF-2 (blue) 
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Fig. S6. (A) 1D sinusoidal [–Mn-Cl-Mn-O-]n inorganic chain in CSUMOF-2, view along a axis. 
(B) The C–H···π bonds between coordinated THF molecules and benzene rings in CSUMOF-2, 
view along [0, 0, 2] axis. (C) The C–H···π bonds between coordinated THF molecules and 
benzene rings in CSUMOF-2, view along a axis.  
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Fig. S7. (A) The Zigzag like layer structure of CSUMOF-2, view along [0, 2, 0] axis. (B) 
The 3D frame structure of CSUMOF-2, view along [0, 0, 2] axis. 
 
  
A 
B 
  
17 
 
 
 
 
 
 
Fig. S8. TG analysis of CSUMOF-1(A) and CSUMOF-2 (B) 
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Fig. S9. Pore size distribution pattern of activated CSUMOF-2 crystals. 
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Fig. S10. XRD powder patterns of CSUMOF-2 crystals. The simulated powder pattern based on 
single crystal data (black), fresh prepared (red), after drying at 100 oC for 3h (green), soaked in 
THF for 3h (blue). 
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Fig. S11. (A) 002 and (B) 020 crystal planes of CSUMOF-2. 
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Fig. S12. (A) The presentation of one layer in CSUMOF-1, view along [0, -1, 1] axis. (B) The 
hydrogen bonds chain in CSUMOF-1 composed by the two kinds of linear chain-like 
[Mn3(O2C)6] clusters. (C) The three-dimensional neutral supramolecular framework constructed 
via hydrogen bonds in CSUMOF-1. 
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Fig. S13. (A) The three-dimensional framework with ellipsoid channels in CSUMOF-1. (B) 
The three-dimensional framework with regular channels in CSUMOF-1. (C) The ABAB 
stacking fashion with the 3,6-connected net nodes in CSUMOF-1, view along [0, -1, 1] axis. 
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Fig. S14. Two types of channels with different size between the CSUMOF-1 layers. 
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Fig. S15.  The micrographs of one piece of CSUMOF-1 crystal (a) as-prepared, (b) after washed 
by ethanol and dried, (c) after immersed in ethanol for 1 day, (d) after immersed in 
dichloromethane for 1 day. 
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Fig. S16. (A) The high concentration suspension (0.2-0.4mg/ml) of CSUMOF-1 prepared in 
large batch (500 ml). (B) Tyndall effect of the low concentration suspension of CSUMOF-1 
prepared in different solvents. (C) Tyndall effect of the suspension of CSUMOF-2 in ethanol. 
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Fig. S17. The layered structure observed in the SEM images of CSUMOF-1 crystal at different 
zoom levels. 
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Fig. S18.  TEM images of CSUMOF-1 nanosheets. 
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Fig. S19.  SEM images of CSUMOF-2 crystals at different zoom scale. 
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Fig. S20. SEM images of nano-particles in sonicated suspension of CSUMOF-2.  
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Fig. S21.  AFM images of CSUMOF-1 nanosheets suspension at high concentration. 
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Fig. S22. AFM images of CSUMOF-1 nanosheets suspension at low concentration. 
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Fig. S23.  Compare infrared spectra of CSUMOF-1 (red) and CSUMOF-1 nanosheet (purple) 
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Fig. S25.  The schematic illustration for the relationship between the confined space for chaos 
motion, ε(max), Lyapunov exponent and the corresponding material phase. 
 
 
 
  
      
       
     
                     
     
              
             
              
               
              
        
              
             
              
        
              
                   
                   
                                         
       
